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Introduction
Microspherical resonators have attracted significant attention in recent years due to their interesting optical properties and the range of applications for which they can be used including quantum optics [1] [2] [3] and optical communications [4, 5] . In particular, microspheres fabricated from rare-earth ion doped materials have been shown to operate as miniature laser devices [6, 7] . Recently, there have been significant breakthroughs in the exploitation of upconversion mechanisms in rare-earth ion doped materials to yield wavelengths from the near infrared to the near ultraviolet. The spectral properties of the emissions from the materials depend on (i) the choice of dopant (e.g. Er 3+ , Yb 3+ ) and (ii) the host matrix (e.g. fluoride or phosphate glass) in which the dopant is embedded. The close proximity of numerous energy levels in triply-ionized rare earth ions is advantageous for obtaining fluorescent and lasing emissions through various upconversion mechanisms such as excited state absorption (ESA), energy transfer upconversion (ETU) and photon avalanche (PA) [8] .
Three-photon upconversion lasing yielding red and blue emissions about 480 nm and 800 nm in thuliumdoped fluorozirconate (ZBLAN) glass microspheres has been reported [9] . The same authors also observed red and a e-mail: s.nicchormaic@ucc.ie green upconversion lasing in erbium doped ZBLAN glass microspheres [10] . In both cases, 1064 nm free-space laser pulses focused on the microsphere surface acted as the pump source. The first microspherical laser pumped using a fibre taper was demonstrated when an Yb:Er-doped phosphate glass microsphere was pumped at 980 nm [11] . The microsphere lased in the infrared about 1550 nm with a threshold power of 60 µW, and emitted green fluorescence attributed to a two-photon ESA process. Several groups [6, 7, 12, 13] have also made considerable progress in the development of microspherical lasers operating in the infrared region, in particular with emission wavelengths falling in the C-and L-bands.
The suitability of fluoride glasses as rare-earth host materials has been known for some time [14] due to their low phonon energies which determine multiphonon relaxation rates and, subsequently, the efficiency of any upconversion processes present. In this paper, we report on a number of upconversion processes identified in an erbiumdoped fluoride glass (Er 3+ :ZBLALiP) microsphere, using a 980 nm pump laser coupled via a fibre taper. Preliminary work on Er 3+ :ZBLALiP was presented in [7] , including evidence of 1550 nm lasing in 1480 nm pumped microspheres. In this paper, we provide a more systematic study of the upconversion processes involved in 980 nm pumping of Er 3+ :ZBLALiP microspheres. We identify the transitions involved and analyse the dominant processes that give rise to the observed emissions. In addition, we calculate associated material properties through McCumber and Judd-Ofelt theories. We have observed upconversion emissions from the ultraviolet to the infrared and we identify several new emissions including the first observation of a 320 nm upconversion following 980 nm pumping of Er 3+ . This arises due to the exceptionally long lifetimes of the 4 F 3,5/2 levels within Er 3+ :ZBLALiP compared to other glasses [15] . The identification and analysis of the numerous upconversions enable us to attribute the emissions to particular erbium transitions and suggest the processes responsible. In addition, the efficiency of the ultraviolet upconversion processes and the stability of erbium doped ZBLALiP microspheres (permitting high optical quality to be achieved during fabrication) make this material suitable for information storage applications where short wavelengths are desirable [16] .
Experiment
An initial study of some fundamental material properties of Er 3+ doped ZBLALiP (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -LiF-PbF 2 ) glass was reported earlier [7] , where the improved stability of ZBLALiP with respect to similar fluorozirconate glasses and its suitability as a host for rare-earth ions was discussed. Here, we present additional material properties and extend the range of functionality of Er 3+ :ZBLALiP as a material suitable for optical communications and optical sensing. Figure 1 shows the measured absorption spectrum for a 5.8 mm thick bulk sample of 0.2 mol% Er 3+ :ZBLALiP in which twelve absorption bands can be identified. These represent the transitions from the ground state 4 I 15/2 → A N with A 1 = 2 G 9/2 + 2 K 15/2 + 2 G 7/2 , A 2 = 4 G 11/2 , A 3 = 2 H 9/2 , A 4 = 4 F 3/2 , A 5 = 4 F 5/2 , A 6 = 4 F 7/2 , A 7 = 2 H 11/2 , A 8 = 4 S 3/2 , A 9 = 4 F 9/2 , A 10 = 4 I 9/2 , A 11 = 4 I 11/2 and A 12 = 4 I 13/2 . The absorption spectra were recorded using a doublebeam Cary 17 spectrometer (Varian) with a resolution better than 0.1 nm.
The fabrication techniques for the Er 3+ :ZBLALiP microspheres was described elsewhere [17] . We use glass with an erbium concentration of 0.2 mol%, which equates to 4 × 10 19 Er 3+ ions/cm 3 . Note that, at this concentration, energy transfer (ET) should not play a major role in the upconversion processes and, therefore, excited state absorption (ESA) is the dominant mechanism [18] . Nevertheless, due to the non-trivial problem of distinguishing the two mechanisms, some authors have suggested that ET may play a role even when the dopant concentration is below the critical value of about 1 mol% [19] [20] [21] .
In our work, the C-band lasing characteristics and upconversion spectra are investigated at room temperature using a single mode, 980 nm laser diode pump with a spectral width of about 1 nm and under CW pumping conditions. The experimental setup is depicted in Figure 2 . A fibre-optical isolator is placed immediately after the 980 nm pump laser in order to avoid optical feedback. The pump light then passes through a 10:90 coupler, whereby 10% is monitored using a power meter and the larger fraction is sent through a fibre taper and coupled into the microsphere via evanescent wave coupling. The 980 nm light transmitted through the fibre taper is separated from the C-band emissions using a WDM and an optical spectrum analyser is used to detect the lasing around 1550 nm. The UV to IR emissions are detected by free-space coupling of the scattered radiation from the microsphere into an optical spectrometer. To achieve efficient coupling of the pump into the microsphere and efficient collection of the infrared lasing spectrum, the fibre taper is manufactured using 1550 nm SMF-28 fibre that is adiabatically tapered to 1 µm diameter using a direct heating technique [22] . The transmission loss of these tapers is typically less than 0.1 dB/cm. Optimum mechanical alignment of the taper and microsphere is achieved by translating the microsphere to different locations along the taper until the lasing about 1550 nm is maximized. The transmission through the pump fibre is also monitored during the alignment and around 10-15% of the pump light is coupled into the microsphere. This relatively low coupling efficiency is, in part, due to the broad spectral nature of the pump laser relative to the whispering gallery mode resonances of the microsphere and can be improved by the use of a narrow linewidth pump source [23] . Figure 3 shows a typical lasing spectrum obtained for a 70 µm sphere pumped under the aforementioned conditions. Characteristic whispering gallery mode bands about the sphere equator are also observed. The intense peaks represent multimode lasing and the smaller signals indicate fluorescence emissions. The microsphere eccentricity is determined from ε = (∆ω ecc /ω nml ) l 2 |m| − 1/2 , where l and m are the angular mode numbers, ω nml is the angular frequency of the mode and ∆ω ecc is the azimuthal mode splitting. The eccentricity is calculated to be ∼2.1% for l = |m| with corresponding azimuthal mode splitting, ∆ω ecc , of ∼11 GHz. Analysis of the lasing peaks enables us to measure the free spectral range, ν F SR , between successive mode groups with a difference in angular mode number l of 1, to be ∼7.8 nm (0.97 THz). Theoretically, we can determine the diameter of the sphere from D = c/πpν F SR , where c is the speed of light and p is the refractive index of the material. Using p = 1.49 at 1550 nm, we find that ν F SR = 7.8 nm indicates a microsphere diameter of 66 µm, which is reasonably close to the (70 ± 2) µm determined using an optical microscope.
Results
It can be seen from Figure 3 that each group of modes contains four distinct lasing peaks due to the excitation of multiple modes in the sphere. The peak power of the lasing peaks presented here is ∼30 nW, although we have also observed lasing in a single mode with a peak value of ∼500 nW. The spacing between TE and TM modes (ν T ET M ) of 6.8 nm in Figure 3 agrees well with the calculated value of 6.4 nm. An estimate of the loaded cavity Q for this system yields a value in the region of 1 × 10 7 .
The Er 3+ :ZBLALiP upconversion spectrum recorded coincidently to the C-band lasing spectrum (cf. Fig. 3 ) is shown in Figure 4 . Approximately 700 µW of 980 nm pump light was coupled into the microsphere. The spectrum is detected by monitoring the free-space scattering from the microsphere into a high numerical aperture fibre coupled spectrometer (Ocean Optics USB2000). Due to the limited dynamic linear range of the spectrometer the fluorescence spectrum is produced by splicing two separate spectra together. This also enables us to maximize the signal-to-noise ratio of the lower intensity transitions. The spectra about the green were recorded for a detector integration time reduced by a factor of 40. Thirteen discrete peaks have been noted in the spectrum and are numbered from T1-T13. The spectra have also been corrected for the responsivity of the spectrometer detector as a function of wavelength. The total power outcoupled and detected is 0.5 nW for the green transitions (T6 and T7) and 0.1 nW for T13. The limited resolution of the spectrometer used, combined with the smaller microsphere free spectral range at shorter wavelengths, means that the whispering gallery mode structure is only visible for emissions at wavelengths above 800 nm. The mode structure for the 849 nm (T13) emission is distinguishable in the inset of Figure 4 .
Emission and absorption cross-sections of Er 3+ :ZBLALiP
The emission cross-section, σ ems , for Er 3+ :ZBLALiP around 1550 nm can be determined from the absorption spectrum ( Fig. 1 ). Using McCumber theory, under the assumption of a strongly phonon coupled system [24] , the emission cross-section is given by
where Z L (Z U ) is the partition function of the lower (upper) state given by a summation of continuous levels
where ∆E i is the energy difference between the Stark split sublevels and the lowest energy level in the lower (upper) manifold, E UL is the energy difference between the lowest sublevels in the upper and lower manifolds, h is Planck's constant, c is the speed of light, k B is Boltzmann's constant, and T is temperature in Kelvin. From equation (1), the bulk sample of Er 3+ :ZBLALiP has a peak emission cross-section of 4.6 × 10 −21 cm 2 in the C-band, which compares well with values of 4.9 × 10 −21 cm 2 measured for fluoroindate glasses [15] and 4.6 × 10 −21 cm 2 measured in other fluorozirconate glass bulk samples [25] .
Using the absorption data presented in Figure 1 , it is also possible to determine the absorption cross-section using the expression [20] 
where A is the absorbance, l is the sample thickness, and N is the Er 3+ concentration of 3.76×10 19 cm −3 . Figure 5 presents the absorption and emission cross-sections for 0.2 mol% Er 3+ :ZBLALiP in the C-band. Emission spectra for both bulk and powder ZBLALiP samples are shown. 
Radiative properties of Er 3+ :ZBLALiP
In order to gain a thorough understanding of the emission processes within Er 3+ :ZBLALiP its radiative properties can be determined through Judd-Ofelt (JO) analysis of the absorption data presented in Figure 1 . The JO intensity parameters Ω t (t = 2, 4, 6) are derived from the electric-dipole contributions of the measured line strengths by a least-squares-fitting approach to minimize the root mean square deviation with the calculated line strength. [27] .
Determination of the electric dipole line strength, S ed , and the magnetic dipole line strength, S md , combined with the JO intensity parameters for our material, can be used to predict significant radiative properties for Er 3+ :ZBLALiP such as the spontaneous radiative transition rates, electric dipole line strengths, branching ratios and radiative lifetimes. S ed depends on the double reduced matrix elements of the unit tensor operator, U , and these are assumed to be independent of the host material [27] . Following this argument we have taken average published matrix elements [27, 28] for our calculations and these are reproduced in Table 1 for convenience. S md depends on the double reduced matrix elements of the L + 2S operator, where L is the total orbital angular momentum and S is the total spin.
The total spontaneous radiative transition rate between two levels J and J , is given by
where λ is the mean wavelength of the absorption, χ ed = p(p 2 + 2) 2 /9 is the local field correction factor for electric dipole transitions, and χ md = p 3 is the local field correction factor for magnetic dipole transitions. We calculate the magnetic dipole emission probabilities, A md JJ , using published values [27] for LaF 3 (A md JJ ) and corrected for the refractive index difference using the relation A md JJ = (p/p ) 3 A md JJ , where p (p) is the refractive index of LaF 3 (ZBLALiP). The refractive index for ZBLALiP is 1.49 at 1550 nm, while that for LaF 3 is 1.57, hence A md JJ = 0.86A md JJ . The radiative lifetime, τ R , of transitions between levels J and J is related to the inverse of A JJ by
and the branching ratio, β, between J and J is simply the ratio of A JJ for the initial level to the sum of A JJ for all the lower levels given by Table 1 shows our values for the radiative probabilities, electric dipole line strengths, branching ratios, and radiative lifetimes for the transitions involved in 980 nm pumped Er 3+ :ZBLALiP. Several levels have high branching ratios for transitions to the ground level and intermediate levels, many of which have been observed in the emission spectrum in Figure 4 . Where possible we have identified the transition associated with the emissions observed in Figure 3 and have indicated this correspondence in the average wavelength column. Note that the radiative properties for the observed 667 nm emission (T10) have not been calculated due to limited data availability and, therefore, it does not appear in Table 1 .
Discussions
In Figure 6 we present an energy level diagram for erbium indicating the radiative and non-radiative transitions that are responsible for the thirteen emissions identified in Figure 4 . Even though it is energetically possible for several emissions to originate from the same level, the branching ratios, β, predicted in the JO theory can help determine the most likely emissions from a particular level. For example, it is energetically possible for both the 383 nm (T2) and 618 nm (T8) emissions to originate from the radiative decay of 4 G 11/2 to lower levels. However, the ratio of the measured emission intensities (1:3) disagrees substantially from the calculated ratios (1:21), thereby indicating that both emissions cannot arise from the 4 G 11/2 level. In fact, only the 383 nm emission is from 4 G 11/2 and the 618 nm emission is due to the 2 P 3/2 → 4 F 9/2 decay. In this way, we can use a combination of the energy gaps between the energy levels and the calculated branching ratios to determine the energy levels involved in the radiative emissions. Four emissions in Figure 4 are attributed to the decay of the 2 P 3/2 level. These are the 618 nm (T8) decay to 4 F 9/2 (β = 0.05), the 479 nm (T4) decay to 4 I 11/2 (β = 0.29), the 403 nm (T3) decay to 4 I 13/2 (β = 0.39), and the 320 nm (T1) decay to 4 I 15/2 (β = 0.12). The branching ratio calculations predict the ratio of emission intensities for each of the levels to be 1 (618 nm):5.8 (470 nm):7.8 (403 nm), which is in reasonable agreement with the measured ratios of 1:5.3:6.6. We have excluded the intensity of the 320 nm emission from this comparison because fluorozirconate glasses have very substantial absorption losses in the UV region [29] .
Further understanding of the transition(s) responsible for a particular wavelength can be obtained by the intensity dependence behaviour of the fluorescence at a particular wavelength. The centre wavelength associated with each transition is also shown in Figure 6 . In the case of ESA, the dependence of the fluorescence intensity upon pump power often exhibits a simple power law dependence with a slope, n, equal to the number of photons absorbed. Measurements of this dependence for the case of the observed green transitions 2 H 11/2 → 4 I 15/2 (T6) and 4 S 3/2 → 4 I 15/2 (T7) are presented in Figure 7 , where we plot the intensity as a function of the absorbed pump power in the fibre taper. From the energy diagram (cf. Fig. 6 ) both T6 and T7 are attributed to 2-photon absorption. Slopes corresponding to n = 1.58 for T6 and n = 1.66 for T7 have been recorded, whereas a slope of two would be expected. This discrepancy from the expected result can be understood as depletion of the 4 I 15/2 ground state [9] .
Based on our analysis we predict that the 4 F 3,5/2 levels of Er 3+ :ZBLALiP have unusually long radiative lifetimes of 1.44 ms and 1.15 ms compared to other glasses, such as Er 3+ -doped fluoroindate glass which has a lifetime of 0.50 ms [15] . As can be seen from the energy level diagram (cf. Fig. 6 ), this is critically important for the generation and observation of UV and violet emissions from the 2 P 3/2 level since it facilitates the third ESA, 4 F 3,5/2 → 2 K 13/2 , by maintaining a large 4 F 3,5/2 population. In Er 3+ -doped fluoroindate glass, nonradiative decay rapidly depletes the 4 F 3,5/2 population, effectively preventing any further ESA and prohibiting UV emissions.
Our measurements demonstrate a broad range of emission from 320 nm to 849 nm in Er 3+ :ZBLALiP, in addition to the IR lasing around 1550 nm. We suggest that the combination of high cavity quality factor and low whispering gallery mode volume (approximately 2000 µm 3 ) significantly enhances the probability of excited state absorption by enhancing the pump field strength (∼10 3 V/m per photon) within the microsphere. This is reflected in the fact that a significant number of the observed transitions are attributed to 3-photon and 4-photon absorption events for what is a relatively modest pump power (sub mW) coupled into the microsphere.
The emission line centred at 320 nm (T1) is, most likely, due to a 4-photon process populating the 2 P 3/2 state, which in turn radiatively relaxes to the 4 I 15/2 ground state. Three pump photons populate the 2 G 7/2 state. The 2 G 7/2 -2 P 3/2 energy gap of ∼3600 cm −1 combined with a phonon energy of 650 cm −1 is such that the 2 P 3/2 state is unlikely to be populated by thermalisation and, as such, we suggest that the absorption of a fourth pump photon is necessary to explain T1. This 320 nm transition has previously been reported in Er 3+doped glass, but was identified as a 3-photon process following pumping at 637 nm [16] . The same authors also reported emissions corresponding to the transitions T3, T4, T7 and T9. Transition T1 has been reported [30] in an Yb 3+ :Er 3+ co-doped material although in that case the excitation process involved successive energy transfers from Yb 3+ . It should be noted that this is very different from our work which involves a single dopant i.e. erbium and, therefore, does not rely on a sensitizer ion. Additionally, ETU does not play a major role in our experiments due to the low dopant concentration.
We believe that the transitions 2 P 3/2 → 4 I 13/2 (T3), 2 P 3/2 → 4 I 11/2 (T4) and 2 P 3/2 → 4 F 9/2 (T8) also arise due to 4-photon excitation. Transitions T1, T3 and T4 have been observed following pumping at 545 nm [31] . Transitions T6, T7, T12 and T13 have been reported following 980 nm pumping [32] . The ultraviolet line Table 1 . Predicted radiative transition probabilities electric dipole line strengths (S ed ) (A ed JJ andA md JJ ), branching ratios (β), and radiative lifetimes (τR) for Er 3+ :ZBLALiP. Note that the number in brackets (T1, T2, . . . ) listed under the average wavelength corresponds to the observed transitions in Figure 3 .
Transition
Average wavelength (nm) at 383 nm (T2) and the 492 nm emission (T5) have been reported under 973 nm excitation [33] . Notably, we have also observed emissions about 700 nm (T11). Previous Er 3+ emission at 700 nm has been attributed to the transition 4 F 7/2 → 4 I 13/2 following absorption of three pump photons at 1480 nm [34] . This seems unlikely in our case, since the JO theory suggests that a 492 nm emission would be more probable than a 700 nm emission from 4 F 7/2 . We presume this assignment was on the basis of the 3-photon resonance 4 F 7/2 → 4 I 15/2 . As an alternative, we propose this emission follows the transition 2 H 9/2 → 4 I 11/2 , which is in better agreement with the energy gap between the levels and the JO theory. Finally, we have observed emissions centred at 618 nm (T8) and 667 nm (T10) that have not been observed elsewhere for 980 nm pumping of Er.
Conclusions
In conclusion, we have demonstrated a multiwavelength microsphere light source for microphotonic applications [35] fabricated using Er 3+ :ZBLALiP and we have identified the Er 3+ transitions involved in the material through a combination of Judd-Ofelt analysis, the erbium energy level diagram and the published centre wavelengths. Upconversion emissions from 320 nm to 849 nm and 1550 nm lasing have been observed. We propose that a number of the upconversion transitions are attributable to 3-and 4-photon processes, in contrast to previous observations for erbium-doped glasses. This is due to the long erbium lifetimes within Er 3+ :ZBLALiP that favour higher order photon absorptions and, consequently, emissions in the UV at 320 nm have been observed. These results indicate that Er 3+ :ZBLALiP is an attractive alternative to Er 3+ :ZBLAN for information-storage applications where even very small powers are sufficient for data retrieval operations [16] and its improved stability [7] promises easier fabrication of devices using ZBLALiP such as erbium doped fibres, microspheres and optical switches. Future work will focus on using integrated optics for the device based on waveguide technology [36] that will enable us to improve the detection efficiency for the upconversion spectrum.
